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Abstract We study the medium modification of jets corre-
lated with large transverse momentum photons at the LHC
via a transport and perturbative QCD hybrid model which
incorporates the contributions from both elastic collisions
and radiative energy loss experienced by the parton show-
ers. Calculations are performed for the modification of the
photon-tagged jet yield, the photon–jet energy imbalance,
and the azimuthal distribution of away-side jets. The modifi-
cations of photon-tagged jets with different xT = pT,J /pT,γ
values are studied and they exhibit different centrality and jet
cone size dependences due to traversing different medium
lengths and density profiles. We further investigate the influ-
ence of the transverse and longitudinal jet transport coeffi-
cients on the nuclear modification of photon-tagged jet pro-
duction and jet shape observables.
1 Introduction
The energetic probes produced in early hard scattering pro-
cesses provide valuable tools for studying the properties of
the quark–gluon plasma (QGP) created in relativistic heavy-
ion collisions. Large transverse momentum (pT ) jets are par-
ticularly interesting as they directly interact with the con-
stituents of dense QCD matter, and they are modified in the
process [1]. Jet quenching has been confirmed by multiple
experimental observations, such as the suppression of single
inclusive hadron production at high pT in nucleus–nucleus
collisions compared to binary collision scaled proton–proton
collisions at the same energies [2–4].
A lot of theoretical effort has been devoted to under-
standing of the modification of jets in hot and dense strong-
interaction QCD matter. The medium modification of jets
originates from a combination of elastic collisions with
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the medium constituents and induced gluon emission while
jets propagate through such highly excited nuclear medium
[5–8]. There are currently a few perturbative QCD-based
schemes for calculating radiative and collisional parton
energy loss [5,6,9–16]. A systematic comparison of these dif-
ferent jet quenching schemes has been carried out in Ref. [17]
in the context of the “brick” problem. Various phenomeno-
logical studies have been performed for the suppression
of single inclusive high pT hadron production [16,18–21],
nuclear modification of dihadrons [22,23], photon–hadron
[24–26] correlations in high-energy nucleus–nucleus colli-
sions, etc.
In recent years, sophisticated experimental techniques
have been utilized to reconstruct full jets emitted in rela-
tivistic heavy-ion collisions, providing both challenges and
opportunities for our understanding of jet modification in
dense nuclear matter in terms of both leading and sublead-
ing fragments of the jet showers [27]. A few Monte-Carlo
generators have also been developed to simulate the modifi-
cation of full jet propagation through dense nuclear medium
[28–34].
Meanwhile, the large kinematics available at the LHC
allows us to investigate medium effects on jets with trans-
verse energies over a hundred GeV. The strong modification
of the momentum imbalance distribution between the cor-
related jet pairs first measured in Pb+Pb collisions at the
LHC [35,36] indicated that the away-side subleading jets
experienced significant energy loss during their propagation
through the produced hot and dense medium. These results
have triggered wide interest in the study of full jets and their
in-medium evolution and modification as opposed to single
particle observables. Many calculations have suggested that a
significant jet cone energy loss and the observed dijet asym-
metry may come from the loss of low-energy gluons from
the jet cone to the medium and are then not recovered by the
jet algorithm. These gluons escape either by deflection or by
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energy dissipation and thermalization due to the interaction
with the medium constituents [37–44].
Another exciting result is the measurement of full jets
correlated with high pT photons in Pb+Pb collisions at the
LHC [45]. Jets tagged by photons and electro-weak bosons
have been regarded as the “golden” channel for studying
jet quenching due to the fact that the boson triggers, once
produced, will escape the medium without further interac-
tion. Thus they are expected to put a stronger constraint on
the momentum distributions of the away-side tagged jets
than hadron or jet triggers [46]. A strong modification of
the photon–jet momentum imbalance distribution has been
obtained from model calculations as well [47,48].
The goal of various jet quenching studies is to acquire
a better understanding of the jet–medium interaction and
obtain the transport properties of the hot and dense mat-
ter created in relativistic nuclear collisions. Much of current
attention has been focused on the quantitative extraction of jet
transport coefficients, such as eˆ = dE/dt , eˆ2 = d(ΔE)2/dt
and qˆ = d(ΔpT )2/dt [8,49,50]. These coefficients not only
control how energy and momentum are lost from jets and
dumped into the medium [51–53], but they are also neces-
sary ingredients for the investigation of the medium response
to jet propagation. The knowledge of these coefficients and
their (relative) sizes may provide much insight into the inter-
nal structures and the properties of the hot and dense matter
probed by the high-energy jets.
With this motivation, we develop a Monte-Carlo transport
and perturbative QCD hybrid model to simulate jet shower
evolution and jet modification in dense QCD medium and
apply it to study the medium modification of jets correlated
with high pT photons at the LHC energies. The effect of
elastic collisions on the parton shower is encoded by the
above mentioned transport coefficients, namely the longitu-
dinal drag and diffusion as well as transverse momentum
broadening. The same transport coefficients also control the
radiative energy loss, which is simulated by employing the
single gluon emission spectrum obtained from the pertur-
bative QCD-based higher-twist jet energy loss calculation
[12,13].
Our paper is organized as follows. In Sect. 2, we pro-
vide some details as regards how we simulate the evolution
and energy loss of jet showers in medium. The contribu-
tions of elastic collisions and gluon radiation to jet energy
loss are compared. The numerical calculations for photon–
jet correlations in Pb+Pb collisions at the LHC energies are
presented in Sect. 3, including the nuclear modification of
tagged jet yield, the photon–jet momentum imbalance and
the azimuthal distribution of the away-side jets. To study the
medium effects on jets traversing different medium lengths
and density profiles, we compare the nuclear modification of
photon-tagged jets with different values of xT = pT,J /pT,γ .
We further investigate the influence of longitudinal and trans-
verse jet transport coefficients on the nuclear modification of
photon-tagged jets. The last section contains our summary.
2 Parton shower evolution in medium
In this section, we describe our Monte-Carlo method for
simulating the transport and modification of a partonic jet
shower in dense QCD matter. We assume that each parton
of the jet shower follows classical trajectories between each
jet–medium interaction that induces momentum change of
the parton (either by an elastic collision or the radiation of a
gluon). We keep track of all the propagating partons and the
radiative gluons until they exit the dense medium.
The probability for a parton at each time step Δt to have an
momentum exchange by an elastic collision with the medium
constituents is determined by
Pcoll(t,Δt) = Δt/tmf , (1)
where tmf is an “effective” mean free time; thus 1/tmf is
the rate of the elastic collisions (the exchange of energy and
momentum with the medium). If there is a jet–medium inter-
action through an elastic collision, the energy and momen-
tum exchange is sampled from a probability distribution of
P(ΔE,Δp⊥, t,Δt).
Generally, the above mean free time tmf and the distribu-
tion of the momentum and energy exchange can be deter-
mined if the details as regards the medium structure and jet–
medium interaction are known. For example, the mean free
time can be obtained from the density ρ of the medium and
the cross section σ , i.e., tmf = 1/(ρσ). In this work, we take
the multiple soft scattering limit in which the momentum
exchange through each elastic collision is small. In this limit,
the probability distribution P(ΔE,Δp⊥, t,Δt) is a Gaus-
sian for both longitudinal and transverse directions. Thus
we may set the “effective” mean free time in our simulation
equal to the time step (tmf = Δt), i.e., in each time step, the
parton will experience a momentum exchange due to a soft
elastic scattering. The mean and variance of the distribution
are then determined by the longitudinal drag eˆtmf , longitu-
dinal diffusion eˆ2tmf (and the transverse broadening qˆtmf ).
We have checked that the variation of the tmf values does not
affect the results if a Gaussian form is used for the momentum
exchange in a sufficiently long medium (Δt ≤ tmf  L). We
note that within our framework one may go beyond the mul-
tiple scattering limit, such as a few hard scatterings, with the
use of more realistic values of tmf and non-Gaussian form
of momentum exchange [54,55]. We leave this to a future
study.
We simulate the radiation of gluons by employing the
single gluon emission spectrum from higher-twist calcula-
tions [12,13],
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dNg
dxdl2⊥dt
= 2αs
π
P(x)
qˆA
l4⊥
sin2
(
t − ti
2tform
)
, (2)
where x and l⊥ are the fractional energy and transverse
momentum carried by the radiated gluon, P(x) is the vacuum
parton splitting function, qˆA is the gluon transport coefficient,
and tform = 2Ex(1−x)/ l2⊥ is the gluon formation time. In the
above equation, the gluon radiation is purely stimulated by
the transverse momentum broadening of the jet. Generally,
the longitudinal momentum exchange (drag and diffusion)
may give rise to medium-induced gluon radiation as well.
Such contribution is straightforward to include in the current
Monte-Carlo simulation when it becomes available [56].
The probability for a parton in each time step Δt to radi-
ate a gluon is determined from the medium-induced gluon
radiation spectrum:
Prad(t,Δt) = 〈Ng(t,Δt)〉 = Δt
∫
dxdl2⊥
dNg
dxdl2⊥dt
. (3)
We choose the value of Δt to ensure that the average radiated
gluon number is smaller than 1 in a time step Δt (0.01 fm
in our simulation). For 〈Ng(t,Δt)〉  1, our treatment is
equivalent to the Poisson distribution for the gluon emission
(1 − e−〈Ng〉 ≈ 〈Ng〉).
If there is a gluon emitted in a given time step, the energy
and the momentum of the radiated gluon are sampled from
the following probability distribution:
P(x, l2⊥, t,Δt) =
Δt
〈Ng〉
dNg
dxdl2⊥dt
. (4)
When simulating jet shower propagating through the hot
and dense medium, we allow the radiated gluons to inter-
act with the medium after their formation times tform are
reached. We impose a minimum energy cutoff πT for the
medium-induced radiation spectrum in order to take into
account the balance between gluon radiation and absorp-
tion from the hydrodynamic medium. To simulate multiple
gluon emission, the initial time ti in the above equation is
reset to zero when a gluon is radiated, so that the proba-
bility of radiating another gluon starts to accumulate again
with time. We note that the framework described here may
be applied to other energy loss formalisms as well, as long
as the energy/momentum distribution of the radiated gluons
is provided.
In our simulation, the evolution of parton showers in dense
QGP medium are controlled by three transport coefficients
eˆ, eˆ2 and qˆ . These coefficients can be determined if detailed
information as regards medium structure and jet–medium
interaction are known [57]. In this work, the longitudinal
drag and diffusion are related by applying the fluctuation–
dissipation relation eˆ2 ≈ 2T eˆ. Unless otherwise stated, we
assume the diffusion in transverse and longitudinal directions
to be equal, i.e., qˆ ≈ 2eˆ2, we will investigate the influence of
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Fig. 1 Comparison of full jet (R = 0.3) energy loss and leading par-
ton energy loss as a function of time with/without the inclusion of the
contribution from elastic collisions
varying relative sizes of transverse and longitudinal transport
coefficients on the jet modification in the last section.
In Fig. 1, we show the energy loss experienced by a quark
jet propagating through a static quark–gluon plasma with a
temperature of 400 MeV. A quark with an initial energy of
100 GeV enters into the medium at t = 0, and a shower
of partons will develop due to the medium-induced gluon
radiation. In this plot, the jet transport coefficient is set as
qˆ = 2eˆ2 = 4T eˆ = 2 GeV/fm2. We show the energy loss
experienced by the leading parton and the full jet shower
(with cone size R = 0.3), with and without the inclusion of
the contribution from elastic collisions.
The energy loss of the leading quark is found to be
dominated by radiative energy loss; the inclusion of colli-
sional energy loss does not have much effect on leading par-
ton energy loss. However, the energy loss of the full jet is
increased by almost a factor of 2 when the contribution from
elastic collisions is taken into account. This is due to the fact
that for full jet shower energy loss, one needs to take into
account not only the collisional energy loss from the leading
parton, but the effect of elastic collisions on radiated par-
tons as well. Such an effect accumulates with time as a result
of more and more partons in the shower being developed by
the medium-induced radiation. This leads to a stronger length
dependence for full jet energy loss than leading parton energy
loss. A similar effect has been found in Refs. [51,52].
3 Nuclear modification of photon-tagged jets
In this section, we present the numerical results for the
medium modification of jets correlated with high pT pho-
tons in Pb+Pb collisions at √sN N = 2.76 TeV at the LHC.
To simulate the medium modification of the jet shower in rel-
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ativistic heavy-ion collisions, we need to provide the initial
conditions before the jet–medium interaction. In this appli-
cation, the production of the photon–jet pairs from early hard
scattering processes are generated from PYTHIA8.1 [58] for
p+p collisions at √sN N = 2.76 TeV. We use anti-kT algo-
rithm to reconstruct the full jets via the FASTJET package
[59], from which we also obtain the detailed content of the
full jets, such as the energy and momentum for each par-
ton in a jet. The reconstructed vacuum jets are provided as
inputs to our Monte-Carlo code which simulates in-medium
jet evolution and medium modification. We note that during
the propagation of jets through medium, energy can flow in
and out of the jet cone. To take into account such an effect,
when studying the medium effect for jets with given size
(e.g., R = 0.3), the vacuum jets with a larger jet cone size
(e.g., R = 1) are used as initial conditions for simulating
medium modification.
The initial photon–jet production points are sampled
according to the distribution of the binary collisions obtained
from a Glauber model simulation. The space-time evolution
profiles (energy/entropy density, temperature and flow veloc-
ities) of the bulk QGP medium that jets interact with are
provided by relativistic hydrodynamics simulation. In this
work, we employ a (2+1)D viscous hydrodynamics model
(VISH2+1) developed by The Ohio State University group
[60–62], with two-component Glauber model for hydrody-
namics initial conditions. The code version and parameter
tunings for Pb+Pb collisions at LHC energies are taken as
in Ref. [62]. When the local temperature of the medium
drops below the transition temperature of 160 MeV, jets
are decoupled from the medium. After jets exit the hydro-
dynamic medium, detailed information of the modified jets
is again provided to the FASTJET package to perform the
full jet reconstruction (to be compared with these jets with-
out medium modification). In this work, we do not perform
the hadronization process for the parton showers, which we
postpone to a future effort.
To study the medium modification on the photon-tagged
jets, we may define two distribution functions which differ
only by normalization,
f (xT ) = (1/Nγ )dNJγ /dxT ,
P(xT ) = (1/NJγ )dNJγ /dxT , (5)
where xT is the tagged jet momentum fraction xT =
pT,J /pT,γ . Given the kinematic cuts for the trigger photons
and associated jets, the former distribution is normalized to
the fraction of photons having the associated jet pair RJγ
and the latter gives unity when integrating out the momen-
tum fraction xT . The nuclear modification factor IAA for the
tagged jet distribution is usually defined as
IAA(xT ) = f AA(xT )/ f pp(xT ). (6)
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Fig. 2 The nuclear modification factor IAA and the average fractional
momentum loss 〈ΔxT 〉 for the photon-triggered jets as a function of
centrality for Pb+Pb collisions at the LHC. The jet size is R = 0.3
In Fig. 2 we show the xT -integrated nuclear modification
factor IAA = R AAJγ /R ppJγ (left) and the average fractional
momentum loss 〈ΔxT 〉 = 〈xT 〉|pp − 〈xT 〉|AA (right) as a
function of centrality (the participant number Npart). The data
points shown here are obtained from CMS measurements of
RJγ and 〈xT 〉 for Pb+Pb collisions and PYTHIA+HYDJET
references [45]. For all the presented results in this work,
we take the CMS kinematic cuts, i.e., the photon momentum
pT,γ > 60 GeV, the jet momentum pT,J > 30 GeV, and the
azimuthal angle between trigger photons and associated jets
Δφ = |φγ − φJ | < 7π/8.
Here we scale the transport coefficients to the medium
local temperature according to their dimensions qˆ = 2eˆ2 =
4T eˆ ∝ T 3, with the overall normalization to be fitted to one
data point. In the next section, we will investigate the influ-
ence of the relative sizes and different parametrization forms
of the jet transport coefficients on medium modification of
photon-tagged jets. By fitting to the value of IAA ≈ 0.7 in
most central (0–10 %) Pb+Pb collisions; we obtain the gluon
transport coefficient qˆA = 6.5 GeV2/fm at the hydrody-
namics initial time τ0 = 0.6 fm/c at the LHC (which corre-
sponds to gluon qˆA = 2.9 GeV2/fm at the same initial time at
RHIC). Comparable values of jet transport coefficients have
been obtained from other model calculations [18,63]. Due
to a stronger medium effect going from peripheral to central
collisions, we observe the decrease of the nuclear modifi-
cation factor IAA and the increase of the average fractional
momentum loss 〈ΔxT 〉 for the photon-triggered jets.
The distribution P(xT ) of the momentum imbalance vari-
able xJ between triggered photons and the away-side jets
is shown in Fig. 3. One observes a shift of the distribution
to smaller xJ values for the distribution in Pb+Pb collisions
compared to p+p collisions. This indicates that the away-side
tagged jets lose some amount of energy during their propa-
gation through the hot and dense QGP created in the Pb+Pb
collisions.
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Fig. 3 The distribution of the momentum imbalance variable xT
between triggered photons and associated jets for most central (0–10 %)
Pb+Pb collisions at the LHC. The jet size is R = 0.3
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Fig. 4 The distribution of the azimuthal angle Δφ between triggered
photons and associated jets for most central (0–10 %) Pb+Pb collisions
at the LHC. The jet size is R = 0.3
The azimuthal angle between trigger photons and asso-
ciated jets Δφ = |φγ − φJ | is another interesting quantity.
In Fig. 4, the normalized distribution P(Δφ) is shown for
both p+p collisions and most central (0–10 %) Pb+Pb colli-
sions. While there is strong medium effect for the momentum
imbalance xJ distribution as shown in Fig. 3, no strong mod-
ification is observed for the photon–jet azimuthal angle Δφ
distribution. This is partly due to the kinematic cuts applied
on the selection of photon–jet events. Strongly deflected jets
are usually those having experienced larger energy loss in the
medium, and many of them may not be selected in the final
presented results after applying the kinematic cuts. Such an
effect may be seen from the dashed curve which represents
the results for events with no pT cut applied to the associ-
ated jet momentum after the in-medium evolution. One also
observes some broadening for the photon–jet azimuthal angle
Δφ distribution for this case.
We have presented above the medium modification of the
photon-triggered jet yield, the photon–jet momentum imbal-
ance, and their azimuthal angle distribution for Pb+Pb col-
lisions at the LHC. We may further study photon-tagged
jets by classifying the events according to their final xT
values. In such a way, one may use photon-tagged jets to
probe different regions of the hot and dense QGP created
in the collisions. This can be clearly seen in Fig. 5, where
we show the density distribution of the initial photon–jet
production points (xini, yini) in the transverse plane. Here
we take those events with triggered photons that propagate
along out-of-plane directions (|φγ − π/2| < π/12). We
compare the initial photon–jet production point distribution
for different xT values: xT = [0.5, 0.6] for (a) and (c);
xT = [0.9, 1] for (b) and (d). The results for two differ-
ent centralities are also shown for comparison: 0–10 % for
(a) and (b); 20–30 % for (c) and (d). If one takes photon–jet
events for all values of xT and propagating directions, the
density distribution of initial photon–jet production points
would follow the binary collision distribution (if no kine-
matic cuts are applied after medium evolution). From the
plots we may see that jets with larger values of the final xT
typically have traversed shorter medium length than smaller
xT jets.
The above effect can be made more quantitative. In Fig. 6,
we show the average for the photon–jet initial production
points 〈yini〉 if one looks at the triggered photons that prop-
agate along out-of-plane directions (|φγ − π/2| < π/12).
One may see that, on average, jets with smaller xT values
may have traversed a few fm longer distance than larger xT
jets. Such a medium length difference traversed by different
xT jets is found to be larger in more central collisions (the
left panel) and for larger jet cone sizes (the right panel).
Since jets with different xT values have traversed differ-
ent medium lengths and density profiles (and lost different
amount of energy), they are expected to exhibit different
medium modification patterns. In Fig. 7, the photon-triggered
nuclear modification factor IAA is plotted as a function of the
momentum fraction xT for Pb+Pb collisions at the LHC. One
may observe that the yield for the associated jets with large
xT values is suppressed in Pb+Pb collisions due to the inter-
action with the QGP medium, while the yield for lower xT
jets is enhanced due to the fact that the momentum fraction
variable xT distribution shifts from higher xT to lower xT val-
ues. Such a medium modification effect is found to increase
from peripheral collisions to central collisions.
The centrality dependence can be more clearly seen in
Fig. 8, where we show the xT -integrated photon-triggered
jet IAA as a function of Npart for Pb+Pb collisions at the
LHC. The results for different values of xT bins are shown
for comparison. Due to the combinational effects of differ-
ent traveling distances and the tagged jet momentum spectra,
we observe larger suppression and stronger centrality depen-
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Fig. 5 The density distribution
of the initial photon–jet
production points (xini, yini)
when the triggered photons are
taken along out-of-plane
directions (|φγ − π/2| < π/12)
for Pb+Pb collisions at the LHC.
Jets with different final xT
values are compared:
xT = [0.5, 0.6] for (a) and (c);
xT = [0.9, 1] for (b) and (d).
Two different centralities are
compared: 0–10 % for (a) and
(b); 20–30 % for (c) and (d).
The jet size is R = 0.3
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Fig. 6 The average values of the jet initial production points 〈yini〉
when the triggered photons are taken along out-of-plane directions
(|φγ − π/2| < π/12) for Pb+Pb collisions at the LHC. The left show
the results for different centralities with jet size R = 0.3. The right
shows the results for most central (0–10 %) collisions with different jet
sizes
dence for larger values of xT and smaller suppression (or
enhancement) for smaller xT jets.
The medium modification of photon-tagged jets depends
on the cone sizes as well. In Fig. 9, the photon-tagged nuclear
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Fig. 7 The nuclear modification factor IAA for the photon-triggered
jets as a function of xT for Pb+Pb collisions at the LHC in different
centralities. The jet size is R = 0.3
modification factor IAA is plotted as a function of xT for most
central (0–10 %) Pb+Pb collisions at the LHC. The results for
different jet sizes (R = 0.2, 0.3, 0.4, 0.5) are shown for com-
parison. We observe that the suppression of the associated jet
123
Eur. Phys. J. C (2014) 74:2959 Page 7 of 11 2959
0 100 200 300 400
Npart
0
0.2
0.4
0.6
0.8
1
1.2
1.4
I A
A
CMS data
all xT
xT=[0.5, 0.6]
xT=[0.7, 0.8]
xT=[0.9, 1.0]
Fig. 8 The nuclear modification factor IAA for the photon-triggered
jets as a function of centrality for Pb+Pb collisions at the LHC. The
results for different xT values are compared. The jet size is R = 0.3
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Fig. 9 The nuclear modification factor IAA for the photon-triggered
jets as a function of xT for most central (0–10 %) Pb+Pb collisions at
the LHC. The results for different jet sizes are compared
yield at high xT is similar for different jet sizes, whereas the
enhancement of small xT jet yield is larger when jet cone size
is increased. This indicates that the medium modification of
smaller xT jets are more sensitive to the change of the jet
cone size due to traversing longer medium lengths.
We may see such a cone size dependence due to medium
path lengths in Fig. 10, where we show the xT -integrated
nuclear modification factor IAA as a function of jet cone
size for most central (0–10 %) Pb+Pb collisions at the LHC.
The results for different values of xT bins are shown for
comparison. The nuclear modification of larger xT jets shows
a weak jet cone size dependence, while a stronger dependence
is observed for smaller xT jets.
It is also of great interest to study the nuclear modification
of jet shape observables. The jet shape ρ(r) in the transverse
direction is defined as
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Fig. 10 The jet size dependence of the photon-triggered jet IAA for
most central (0–10 %) Pb+Pb collisions at the LHC. The results for
different xT values are compared
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Fig. 11 The nuclear modification of the photon-triggered jet shape
distribution ρ(r) (R = 0.3) for most central (0–10 %) Pb+Pb collisions
at the LHC. The results for different xT values are compared
ρ(r) = 1
pT,J
∑
i pT,i (ri ∈ [r − Δr/2, r + Δr/2])
Δr
, (7)
where pT,J is the transverse momentum of the reconstructed
jet. In the above equation, pT,i represents the transverse
momentum of the individual partons within the jet, ri =√
(φi − φJ )2 + (ηi − ηJ )2, and Δr is the bin size. The jet
shapes for single inclusive jets have been recently measured
at the LHC by CMS Collaboration [64]. A redistribution of
the jet energy inside the cone has been observed in Pb+Pb
collisions as compared to p+p collisions: an excess of energy
fraction at large r , a depletion at intermediate r and little
modification at very small r .
Here we study the jet shape observables for jets tagged
by direct photons. In Fig. 11, we show the nuclear modifi-
cation of jet shapes ρ(r) of photon-tagged jets for different
values of xT . While some broadening effect (i.e., an excess
at large r ) is observed for small xT jets, for the large xT
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jets, jet shapes ρ(r) with large r values might be suppressed.
This may be understood from the different lengths traversed
by different xT jets. As jets propagate through the medium,
the gluon radiation (vacuum and medium-induced) at larger
angles (larger r ) interacts with medium longer due to smaller
formation times, while at later time, the jet broadening effect
takes over, leading to the enhancement at larger r values for
smaller xT jets. These results indicate that jet shapes are sen-
sitive to many details of the full jets and their interaction
with the medium constituents. It is interesting to note that
Refs. [43,65,66] have argued that the jet is mostly a coher-
ent core, and thus loses energy in the medium like a single
parton without modifying the jet’s inner structure. We note
that the hydrodynamic response of the medium to jet trans-
port and the redistribution of lost energy may influence the
final observed jet structure. The inclusion of this contribution
would be essential before performing a quantitative compari-
son with the jet structure measurements. This will be pursued
in a future effort.
4 Dependence on jet transport coefficients
Jet transport coefficients encode information as regards the
nature and properties of hot and dense matter probed by high-
energy jets. In the previous section, we related jet transport
coefficients to the medium temperature according to qˆ ∝ T 3
and we assumed the relative sizes of the longitudinal and
transverse transport coefficients as qˆ = 2eˆ2 = 4T eˆ. In gen-
eral, the relative sizes of longitudinal and transverse transport
coefficients may depend on detailed structure of the medium,
such as the mass of medium constituents [67]. The jet trans-
port coefficients may depend on the properties of the probes
as well, such as the energy/momentum of the propagating
jet showers. In this section, we investigate how the medium
modification of photon-tagged jets depends on the relative
sizes and different parameterizations of transverse and lon-
gitudinal jet transport coefficients.
We first look at the dependence of photon-tagged jet
nuclear modification of the relative sizes between transverse
and longitudinal jet transport coefficients. Here the trans-
port coefficients are still related to the medium temperature
according to qˆ ∝ T 3. In Fig. 12, we show the xT -integrated
photon-tagged jet IAA as a function of the jet cone size for
most central (0–10 %) Pb+Pb collisions at the LHC. The
results for different values of α ≡ 4T eˆ/qˆ: α = 2, 1, 0.5 are
shown for comparison. To see the pure effect on the jet cone
size dependence more clearly, we have refitted photon-tagged
jet IAA to the same values for R = 0.2 (the smallest jet size
that experiments use) when changing the relative sizes of eˆ
and qˆ . With the increase of the relative size of qˆ , a stronger jet
cone size dependence is observed for the nuclear modifica-
tion IAA of the photon-tagged jet yield. This is due to the fact
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Fig. 12 The jet size dependence of the photon-triggered jet IAA for
most central (0–10 %) Pb+Pb collisions at the LHC. The results for
various values of α ≡ 4T eˆ/qˆ are compared
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Fig. 13 The nuclear modification of the photon-triggered jet shape
distribution ρ(r) (R = 0.3) for most central (0–10 %) Pb+Pb collisions
at the LHC. The results for various values of α ≡ 4T eˆ/qˆ are compared
that the relative contributions from the medium-induced radi-
ation and jet broadening effect become larger when increas-
ing the relative size of qˆ (the decrease of α = 4T eˆ/qˆ).
In Fig. 13, we show the nuclear modification of the jet
shape observable ρ(r) for the photon-triggered jets as a func-
tion of jet cone size for most central (0–10 %) Pb+Pb colli-
sions at the LHC. A larger broadening effect is seen as we
increase the relative size of qˆ . We also observe some suppres-
sion at larger values of r when qˆ becomes small (eˆ becomes
large). For such a case, the energy loss of the jet showers is
more dominated by the collisional energy loss; the radiated
gluons at larger angles interact with medium earlier due to
their smaller formation times.
We now investigate the dependence of photon-tagged jet
modification on the different parameterizations of jet trans-
port coefficients. For such purpose, we fix the relative sizes
between longitudinal and transverse transport coefficients as
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Fig. 14 The jet size dependence of the photon-triggered jet IAA for
most central (0–10 %) Pb+Pb collisions at the LHC. The results for
different parameterizations of qˆ are compared
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Fig. 15 The nuclear modification of the photon-triggered jet shape dis-
tribution ρ(r) (R = 0.3) for most central (0–10 %) Pb+Pb collisions at
the LHC. The results for different parameterizations of qˆ are compared
qˆ = 4T eˆ. We compare three different parameterizations:
qˆ ∝ T 3, T 3 ln(E/T ) and T 5/2 E1/2 to study the influence of
energy dependence of jet transport coefficients. The energy
dependence of the form T 3 ln(E/T ) originates from the
leading-log hard-thermal-loop results [16], and the use of
power dependence on energy is motivated from a lattice cal-
culation of jet quenching parameter [57].
In Fig. 14, we show the xT -integrated photon-triggered
jet IAA as a function of jet cone size for most central (0–
10 %) Pb+Pb collisions at the LHC. Again, we have refitted
the value of IAA to the same values for R = 0.2 when differ-
ent parameterizations are used. One can see that the power
law (E1/2) parametrization gives the strongest jet cone size
dependence for photon-tagged jet IAA. This may be under-
stood from the fact that the radiated gluons with smaller
energies are more difficult to interact with the medium con-
stituents than a much higher-energy leading parton, thus the
energy loss of the jet shower is more dominated by the
medium-induced radiation as compared to the other two sce-
narios. In Fig. 15, we show the nuclear modification of the
jet shape observable ρ(r) for the photon-triggered jets as a
function of jet cone size for most central (0–10 %) Pb+Pb
collisions at the LHC. Again a larger jet broadening effect
is observed as we increase the energy dependence for jet
transport coefficients.
5 Summary
We have studied the medium modification of jets correlated
with high pT photons in Pb+Pb collisions at the LHC. A
transport and perturbative QCD hybrid model is developed
for simulating jet shower evolution and modification in hot
and dense QCD medium with the inclusion of the contri-
butions from both induced gluon radiation and elastic col-
lisions. The effect of elastic collisions experienced by jet
shower partons is encoded by a few transport coefficients,
while medium-induced gluon radiation is simulated with the
use of the single gluon emission spectrum obtained from
higher-twist jet energy loss calculations.
With our event-by-event parton shower simulation, we
have presented the numerical results for the nuclear modifica-
tion of the photon-tagged jet production yield, the photon–
jet momentum imbalance and their azimuthal angle distri-
bution. We have studied photon-tagged jets with different
values of the momentum fraction xT , and they exhibit dif-
ferent medium modification patterns due to traversing dif-
ferent medium lengths and density profiles. This makes the
photon-triggered jets very useful for a tomographic study of
jet modification in dense matter created in relativistic nuclear
collisions.
We have further investigated the influence of transverse
and longitudinal jet transport coefficients on the modification
of photon-tagged jets and found that both the relative sizes
and the different parametrization forms of eˆ and qˆ may affect
the nuclear modification patterns of photon-tagged jets, espe-
cially the jet cone size dependence and jet shape observables.
Such results indicate that the study of cone size dependence
and jet shape observables may provide strong constraints on
the quantitative extraction of transverse and longitudinal jet
transport coefficients. The determination of these coefficients
will provide insights into the internal structure and various
transport properties of the hot and dense medium produced
in relativistic heavy-ion collisions.
The above analysis may be applied for studying the
nuclear modification of high pT dijets and single inclu-
sive jets. The systematic comparison to various experimental
observables such as those done in Ref. [68] will provide more
physics on jet modification. The inclusion of a hadronization
process for final partonic jet showers will enable us to directly
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compare to the experimental measurements of the longitudi-
nal momentum (fraction) distribution of hadron fragments of
jets. The energy and momentum deposition profiles obtained
from our simulation of in-medium jet shower evolution may
be applied in hydrodynamics simulation to investigate the
response of the medium to jet transport. Incorporating both
jet energy loss and medium response components is essen-
tial to performing a more quantitative comparison with the
final observed jet structure and correlations. These studies
will be very helpful for a more complete understanding of
the jet–medium interaction and are left for a future effort.
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